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AN ASSESSMENT OF THE POTENTIAL FOR Necx INJUry
DuE 1O PADDING OF AIRCRAFT INTERIOR WALLS
For HeaD IMrACT PROTECTION

INTRODUCTION

Head injuries are some of the most frequent types of
serious injury and causes of death found in airplane
accidents. In 1988, the Federal Aviation Administration
(FAA) adopted amendments to the Federal Aviation
Regulations (FARs), which require seats to meet specific
crashworthiness performance criteria. Included in the
new regulations is the demonstration of head injury
protection by means of dynamic impact sled tests using
anthropomorphic test devices (ATD), commonly known
as crash dumraies. While the evaluation of neck injury is
not required by the FARs, it is important that techniques
developed to reduce the severity of head impact do not
induce injusious reactions in the neck.

The use of padding has been shown to be effective in
reducing the potential for a head impact injury, However,
acommon concern in designing a pad to reduce the threat
of a head injury is that the pad may create new load paths
which create a potential for a neck injury. The test
program described in this report sought to determine the
threart of a neck injury associated with a padding material
effective in reducing the potential for head injury. In
addition to describing the results of the test program, this
report also describes techniques and injusy threshold

values to use in assessing the potential for an impact injury
to the neck.

BACKGROUND

Although the focus of concern in this study is head and
neck injury as it relates to aviation safety, the mzjority of
information on head and neck injury has come from
automotive safety research. Since it is unacceptable to
study impact tolerance directly using living human
subjects, several methods of study hav< b2en employed ro
gain information about head and neck injury
biomechanics.

One of the earliest methods was aircraft and automo-
tive accident investigation. Datz from these studies are
limited because measurements cannot be made during
the impact (Viano, et al., 1989). Animal models have
been used 1o gain insight into the physiologic responses of
living tissue (NHTSA, 1981). Although this information
is useful on a cellular level, reliable data on the biome-
chanical mechanism of injury are limited because of the
potential errors in scaling to human values. In addition,
the physiological effect of the anesthesia used with these
animals is unknown (Viano, et al., 1989; Demann, et al.,
1990). Some human volunteer studies, generally using
healthy young males, have been performed at impact
severity levels below the pain threshold. Human cadaveric
test subjects have been utilized to simulate gross geomet-
ric, inertial, and joint range-of-motion properties, but
little information can be inferred about physiologic re-
sponse (Viano, etal., 1989). Attempts to directly measure
the forces acting on the body during an impact have been
done through the use of ATDs. The newest of these test
dummies, the Hybrid III, is used in this study.

The neck of the Hybzid I1l dummy was designed o
approximate the dynamic response of the human neck
(Foster, et al., 1977). Although the Hybrid II1 does not
exactly match human neck dynamics, it is the best model
available at chis time for human biomechanical measure-
ments of the neck (Viano, et al., 1987).

Review or INJury MECHANISMS AND INjuRY
CrTERIA

Head injury mechanisms have been extensively studied.
Generally accepted mechanisms of head injury include:
{1} brain contusion due to skull deformation; {2) brain
contusion from movement of the brain against irregular
interior cranial surfaces; and {3) stress and strain in neural
tissucs caused by pressure gradients and motion relative
to the skull or dural envelope, resulting in brain and
spinal cord injury and teass of blood vessels (Viano, etal.,
198%; Demann, 1990).



Several head injury critetia have been developed. HIC
(Head Injury Criterion} as defined in Department of
Transportation regulations (c.g., Tite 14, Code of Fed-
eral Regulations, Parts 23, 25, 27, or 29, or in Federal
Motor Vehicle Safety Standard 208) is the most widely
used. HIC is based on rescarch performed in the 1950’s
and 1960’s at Wayne State University which resulted in
the Wayne State Tolerance Curve (WSTC) (Lissrer, et
al , 1960, 1961). The WSTC relates a combination of
acceleration magnirude and time duration to a head
injury. HIC is a functional relationship combining time
and acceleration magnitude. HIC is defined by the fol-
lowing equation:

ty

HIC = (¢ ,-¢t)] f a(t) dt]**

where:
a(t) =

acceleration as a function of iime of the head
center-of-gravity

t, t,= time limits of integration that maximize HIC

HIC values greater than 1000 indicate that a serious
head injury is likely. As HIC increases, the likelihood and
severity of head injury increases. A HIC equal to 1000 is
believed to represent a 16% probability of a life threaten-
ing brain injury (Prasad and Mertz, 1985; Vizno, et al.,
1989). HIC suggests that a higher acceleration for 2
shorter period of titne is less injurious than a lower level
of acceleration for a longer period of time.

The literature on cervical spine injury is not as well
developed as that of head injury. Impact to the head may
result in neck fexion, extension, lateral flexion, rotztion,
compression, tension, or 2combination of these motions.

An accident causing tension-flexion at the neck can
result in atlanto-occipital (A-O) and C1-C2 separations
{Melvin, et al., 1986). Compression-flexion injuries are
generally a result of a force to the posterior-superior head.
Anterior wedge fractures, burst fractures, and fracture
dislocations of facets can occur leading to instability and
cord injury (Melvin, etal., 1986; McElhaney, eral., 1976).
The tension-extension mechapism primarily produces

whiglash type injuries, but fractures of the anterior ve: ce-
bral body, separation of the anterior disk from the verte-
bral end plate, and kangman’s fracture can occur
(McElhaney, et al., 1976; Melvin, et al., 1986). During
an impact producing a compression-extension load on
the neck, fractures of spinous processes and lesions of the
pedicles, facets, and laminze causing dislocation can
occur. A frontal (forehead) impact frequently produces
these injuries (Melvin, et al., 1986). Lateral flexion of the
neck may cause lateral wedge or lateral posterior elemeat
fractures on one side (Melvin, et al., 1986). Dens frac-
tures occur when the head in 2 neutral position impacts,
but the body continues forward causing a sheating force
berween the atlas and dens. A second mechanism for dens
fracture is acute Hexion of the head while the cervical
spine is extended (McElhaney, et al,, 1976).

Injury tolerances of the cervical spine have been exam-
ined in terms of the loads applied o the neck and
measured at the occipital condyles. Tolerance levels for
neck flexion and extension have come from tests of
human czdaveric subjects, and human volunteers (Mertz
and Patrick, 1967, 197 1; Melvin, etal., 1986; McElhaney,
1976). Tolerance levels for lateral flexion have come from
human voluniteer tests only (Patrick and Chou, 1976;
Melvin, et al., 1986; McElhaney, 1976).

In 1982 the Biomechanics Division of the National
Highway Traffic Safery Administration (NHTSA) devel-
oped a series of relationships between impact injury
severity and measurable parameters from an ATD
(Eppinger, 1982). Injury severity was described in terms
of the 1980 AIS (Abbreviated Injury Scale). AIS (Ameri-
can Associaiion for Automotive Medicine, 1980) rates
injury severity on a numeric scale from @ to 6, with 0
being uninjured, and 6 representing immediate death
(i.e., currently untreatable). AIS was revised in 1985 and
1690 but remains similar to the 1980 version. The
relationships that Eppinger developed relate published
injury criteria and the 1980 version of AIS. The neck
injury criteria that Eppinger used were based on the work
of Mertz, etal. (1967, 1971, 1978, 1984). A summary of
the neck injury tolerance relationships that Eppinger
presented in 1982 follow.



Some of the injury severities listed in the following
relationships do not span the full range of the AIS values.
This indicates that no tolerance data are available for
higher AIS values. When low and high AIS values are
listed, but no intermediate AIS values are shown, this
demonstrates that neck injury is not a graded phenom-
enon. Neck injuries tend to be “minor” (e.g., whiplash) or
catastrophic (e.g,, cord separation). Ofien the difference
in the load betvreen 2 minor injury and a carastrophic

injury is small,

The first injury relationships presented relate neck
extension and flexion injuries to moments measured at
the atlanto-occipital condyles in a human, and at the
hiead-neck junction in the ATD. The Hybrid I11 has load
cells mounted at the head-neck junction. The flexion and
extension criteria are based on the work of Merzz, et al.

(1971, 1973).

EXTENSION FLEXION
AlS Moment (M) AlS
1 M > 35 ft-Ib 1
2 M>45ft-lb 2
5 M < 150 fi-ib
5

M > 150 ft-lb

The lateral flexion criterion is based on the work of
Patrick and Chou (1976). Patrick and Chou did not
relate their injury tolerance curve to an injury severity
level, and Eppinger did not consider lateral flexion inju-
rics. Thus, the 29.5 ft-1b criteriz is based on the onser of
discomfort in human volunteers, and should be consid-

ered a level at which serious injury s unlikely.

Moment (M)

M < 45 ft-Ib
M < 140 ft-lb

Interest in neck axial compression tolerance began
following several severe injuries to football players, Axial
neck loads were measured using a Hybrid III ATD to
simulate football tackles that had resulted in serious neck
injury to the actual football player. Based on these tests,
a tolerance curve relating time and neck axial compressive
force to injury was developed by Mertz, et al. (Mertz, et
al., 1978, 1984; Eppinger, 1982; Melvin, et al., 1986).
Mertz’ curve is shown in Figure 1. The following criteria
reflect chis curve.

Axiar COMPRESSION

AlS Force (F in l2) Load Duration (f)
5 F > 850-(t x 20} t<30ms
F>250 t>30ms

0 Otherwise

Injury assessment criteria curves for axial tension and
anterior-posterior shear force have been poctulated based
on Hybrid II studies (Mertz, 1984; Eppinger, 1982;
NHTSA, 1981). The foliowing guidelines are based on
these curves, which are shown in Figures 2 and 3.

AxiaL TensioN

AlS Force (F in lbs) Load Duration (1)
5 F> 250 t> 45 ms
F> 1680-{tx 31) 45 >1>34ms
F>740-(tx 2) t<34ms

0 Ctherwise

ANTERIOR-POSTERIOR SHEAR

LATERAL FLEXION AlS Force (F in 1bs) Load Duration (t)
— Moment(M) 5 F>250 t>45ms
ycession For t F>760-tx11) 37 ms<t<45ms
1S GRAXL & M<29.56lb F > 340 25ms<t<37ms
TIC TAB 4 M < F>700-{tx 15) t<25ms
nannounced O ¢ Ctherwise
ustif ication____._..—-—
: / .
tatribution . :
Av 'DTIC QUALITY INSPECTED 8
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Figure 1 - Injury criterion for
neck axial compressive loading
(Mertz, et al., 1978)

Note - Loads are in Newtons.
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Figure 2 - Injury criterion
for neck axial tension
loading {Mertz, 1984)

Note — Loads are in
Newtons.
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DEescrirTion oF TesTING ProGRAM

In the interest of protecting the head from injury, the
FAA Civil Aeromedical Institute (CAMI) has studied
several types of padding materials that could be placed on
interior walls (e.g., class divider, galley walls, and lavoratory
walls} to reduce the HIC level measured during an impact
rzst. However, concern has developed with respect to the
effect of these padding materials on neck loads. When the
padding is impacted by the head, the padding deforms to
the head dimensions. This causes cupping of the head,
while the neck and body move with relative freedom. It
has been suggested that while padding material may
decrease HIC, the lnads on the neck may increase to levels
causing serious neck injury. In this study, we examine the
relationships between padding material, HIC levels, and
neck loads.

Figure 3 - Injury criterion
for anterior-posterior shear
force at head-neck junction
{Mertz 1984)

Note -— Loads are in
Newtons.



HEAD STRIKE

Head Center of Gravity

Figure 4 - Test Setup for Unpadded
Nomex Honeycomb

All dimensions are in inches.
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A series of four impact tests were conducted to evaluate
HIC and neck loads from a 50th percentile ATD, seated
in a transpo:t category aircraft passenger seat positioned
behind a vertical wall. The test setup did not model a
particular aircraft cabin, but was designed to represent the
typical geometry of a seat ir_-allation aft of a galley,
lavaiory, or class divider. Figure 4 shows the test zonfigu-
ration for the “unpadded” Nomex™ honeycomb test. The
“padded” aluminum Hexcel™ test was similarly config-
ured. A single occupant seat (constructed from compo-
nents obtained from a three position production model)
was used for all four vests. The base of the seat back was
located 35 inches aft of the wall plane.

)
—o|

as.

The “unpadded” test used a 1 inch thick panel made
of a Nomex™ honeycomb core and thin fiberglass sheets
to simulate a wall in an aircraft. This panel was supporred
only at the corners allowing it to bend when impacted by
the head, The energy absorbing pad used was 4 inch thick
aluminum Hexcel™ with 2 crush strength of 17 psi
mounted on a rigid, unyielding wali. Energy absorption
in the padded test occurred by deformation of the Hexcel™,
while in the npadded test energy was zbsorbed by the
Nomex'™ panel being placed in bending. The wall was not
moved relative to the seat between the padded and
unpadded tests. Thus, since the Hexcel™ pad protrudes
further from the wall than the unpadded Nomex™ case,
the impact surface is 3 inches closer to the ATD in the
padded case.
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Figure 5 - Selected Frames From High Speed Motion Picture of

A92-010 (MHexcel™ Pad)

These tests were conducted in a horizontal-for-
ward orientation with no yaw component (i.e., the
ATD faced in the direction that the sled traveled
rather than at an angle as specified in the FAR. The
severity of impact was selected from the test condi-
tion specified in the FARs for transport category
aircraft: initial velocity of 44 ft/sec, 16 g peak
triangular acceleration pulse, with an onset-to-peak
time of 0.090 seconds. Floor deformation was not
included in these tests.

In addition to the responses recorded from the sensors
mounted in the head and neck of the ATD, photometric
targets were placed at selected locations on the test
dummy for the purpose of acquiring kinematic data from
high speed motion pictures of the impact event. Figures
5 and 6 show selected frames from the high speed motion
pictures of the two tests with the Hybrid Iil. The test
films were also useful in relating the motions of the head
and neck to the force 2::d moment data acquired from the
sensors.
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Figure 6 - Selected Frames From High Speed Motion Picture of

A92-011 (Nomex!™ Panetl)

The protocol developed for this program included the
use of a Hybrid 11 and a Hybrid 11} ATD. The Hybrid Il
is the ATD specified in the FAR for use in certification
tests of aircraft seats, but it lacks the capability to measure
neck loads. The newer Hybrid UII {currently not allowed
for seat certification tests) can accommodate a neck load
cell, but there are significant differences in the mass
distribution, neck design, and seating posture between
the two ATDs. Two tests were performed with each
ATD: one test with a rigid wall surface and one test with
an energy absorbing pad on the wall.

Resuirs AND DISCUSSION

Table 1 shows the values for HIC and the loads in the
neck measured by a Hybrid (IIATD used in tests A92010
and A92011, as well as the HIC measured in similar tests
using a Hybrid II. The corresponding injury criteria are
also presented. Both HIC values are below 1000, with test
A92010 giving the lowest HIC value.



Lateral
Axial Axial Flexion Extension Hexion
impact Speed Tension Compression | Moment Moment Maoment Shear
Test No. Surface (ft/sec) HIC (Ibs) (s} ¢Fi-lbs) ift-ths} (ft-Ibs} hs)
' 250 250
it ] (higher {higher
cf.’w’i" — J— 000 | loads for loads for 45 35 295 190
ferion durations durations
< 45 ms} < 30 ms)
400
(> 250 for
A92-010 4" Hexcel*
: 1
(Hybrid 1D (padded) 44 707 2;9 r;s, 83 32 43 3 45
allowable)
AD1-119
A M ~
(Hybrid 1) 44 785 N NA A ! NA NA NA
e |
437 388 {
" . (> 250 for (»>250 ior
A92-011 | 1" Nomex 4 901 34 ms; 11 ms; 19 52 3 151
(Hybrid Hb funpadded) 670 630
allowable) allowable)
A91-064
(Hybrid ) 44 1120 NA, NA NA NA NA NA
— ke _JL S S S
* Trade Mark

Table | - Summary of Test Results
NA - Not Available

Neck axial tension was measured, bur the maximum
value occurred prior to impact, indicating thac flailing of
the head, rather than head impact, produced the neck
axial tension force. Using the short duration neck ten-
sion injury criteria indicates that neither test represents
a neck tension injury threat.

Theaxial compression forces and flexion moments for
both tests were below the injury chreshold. Note that the
peaks for both the axial compression force and the
flexion moment occurred at the same time. Although it
is likely that muldiple forces increase che risk of injury,
the injury criteria do niot take this into account, This
phenomenon warrants further study.

The extension moment fur test A92010 is 43 ft-1b and
corresponds to an AIS = 1 (a whiplash type of injury). The
extension moment for test A92011 is 52 fe-1b and corre-
sponds to an AIS = 2, Ir appears that thc 4" Hexcel™
panel not only reduced HIC, but also reduced the neck

extension moment.

Neck lateral flexion moments are recorded in Table 1.
Although these valuesare well below the injury threshold,
the validity of measuring lateral flexion in the Hybrid 111
neck is in question. The neck’s dynamic performance
criteria and compliance properties are based on frontal
tests with human subjects, nc: lateral tests. In addidon, it
is unlikely that 2 frontal test with no yaw comgonere
would produce any significant forces to place the neck in
lateral flexion.



Shear forces measured are below the injury threshold.
Shear forces of approximately che same magnitude were
generated prior to and after head impact, indicating that
head contact did not generate additional shear forces.

Presently, only the Hybrid 11 test dummy is allowed to
be used when evaluating compliance wizh the FAR. In the
present study, ve were concerned with HIC values and their
relationship to neck loads; therefore, the Hybrid Ul was
employed. Since the Hybrid 11T and Hybrid 11 neck differ in
their construction and dynamic response, questions have
been raised about the effect this has on the measured HIC
values. Two separate tests using 4-inch Hexcel™ and 1-inch
Nomex™ panels were performed wiih the Hybrid II, and
these test results are shown in Table 1. A HIC of 785 was
measured in the Hybrid II test using a 4-inch Hexcel™ panel.
This test was performed in the same manner as test A92010
(HIC = 707). HIC values for the Hybrid I1I test and Hybrid
IT test are of a simifar magnitude. A HIC of 1120 was
measured in the Hybrid I test using 1-inch Nomex'™;
however, the test seat was different than the seat used in test
A920ll (HIC = 901). Differences between the seats were
minor, but at this time there is no way to Zully account for the

differences.

10

CONCLUSIONS

Tests were conducted with a Hybrid [II ATD featuring
instrumentation in the neck. Measurements made from
theseinstruments are used with the injuty criteria presented
to analyze the potential for 4 neck injury resulting from a
pad being placed on an interior aircraft wall to reduce the
potential for a head injury. imilar tests were run without
the pad to demonstrate both the decrease in head injury
potential, and the degree to which neck injuiy potential
would be increased, if ar all.

Similar rests using a Hybrid 1l ATD, which does not have
neck instrumentation, were also run to evaluate the efficacy
of the Hexcel™ pad in reducing HIC. The Hybrid II is the
ATD specified for use in certification testing for aircraft, and
its design differs in several important respects from the
Hybnd I This testing series found that HIC values mea-
sured by the Hybrid 11 were fower than HIC values mea-
sured by the Hybrid Il in similar tests.

The tests in general did not indicate 2 neck injury
threat for either case. Indeed, neck injury loads were
reduced when the Hexcel™ pad was used. Loads mea-
sured and used in the cited injury criteria indicate a neck
AIS <1, with the exception of the extension moment for
test A9201l (the unpadded case), which corresponds to
AIS 2.




REFERENCES

L.

10.

American Association for Automotive Medicine, Com-
mittee on Injury Scaling. The Abbreviated Injury Scale,
1980 Revision. Arlington Heights, IL: American Asso-
ciation for Automotive Medicine, 1980.

Demann, D, and Leisman, G. Biomechanics of Head
Injusy, fnternational Journal of Neuroscience. 1990; 54:
101-117.

Eppinger, R.H. Memerandum - Proposed Injury Cri-
teria and Mathematical Analogs for Selected Body
Areas. NHTSA, July 6, 1982.

Foster, ]. K., Kortge, ]. O., Wolanin, M. J. Hybrid I1I
— A Biomechanically Based Crash Test Dummy,
Society of Automotive Engincers (SAE) Paper 770938,
Proceedings of the Twenty First Stapp Car Crash Confer-
ence, Society of Automotive Engineers, Warrendale,
Pennsylvania, 1977.

Lissner, H. R., Lebow, M., Evans, F. G. Experimental
Studies on the Relation Between Acceleration and
Intracranial Pressure Changes in Man, Surgery, Gyne-
cology, and Obstetrics, 111:329-38, (1960).

Lissner, H. R., and Gurdjan, E. S. Experimental
Cerebral Concussion, American Society of Mechani-
cal Engineers, New York (1961}, ASME-60-WA-
273.

McElhaney, J.H., Robers, V.L., and Hilyard, ].F.
Handbook of Human Tolerance. Tokyo, Japan: Japan
Automobile Research Institute, Inc,, 1976,

Melvin, J.W., Weber, K. Review of Biomechanical
Impact Response and Injury in the Automotive Environ-
ment. National Highway Traffic Safety Administra-
tion, 1986, Washington, D. C., DOT HS 807 042.

Mertz, H. J., and Parrick, L. M. Investigation of the
Kinematics and Kinetics of Whiplash, SAE Paper
670919, Proceedings of the Elevinth Stapp Car Crash
Conference, pp. 267-317, Seciety of Automotive Engj-
neers, Warrendale, Pennsylvaria, 1967.

Merstz, H. J., and Parrick, L. M. Serength and Re-
sponse of the Human Neck, SAE Paper 710855,
Proceedings of the Fifteenth Stapp Car Crash Conference,
op. 263-288, Society of Automotive Engineers,
Warrendale, Pennsylvania, 1971.

11

i1,

12,

i3.

14.

15.

6.

17.

18.

19.

Menz, H. ]., Neathery, R. F., and Culver, C. C.
Performance Requirements and characteristics of me-
chanical necks. Human Impart Response: Measurement
and Simulation, pp. 263-288. Edited by W. F. King
and H. J. Merz. Plenum Press, New York, 1973.

Mertz, H. J., Hodgson, V. R., Thomas, L. M., Nyquist,
G. W. An Assessment of Compressive Neck Loads
Under Injury Producing Conditions, The Physician
and Sporss Medicine, 1978, 6:95-106.

Meriz, H. J. Injury Assessment Values Used to Evalu-
ate Hybrid Il Response Measurements, General
Motors Corporadon NHTSA Docket Submission
VSG 2284 Pari I, Attachment I, Enclosure 2, 1984.

NHTSA Head and Neck Injury Criteria. A Consensus
Workshop. Publication DOT HS 803 434, U.S. Gov-
ernment Printing Office, Washington, D. C., July,
1983.

Patrick, L. M., and Chou, C., Response of the Human
Neck in flexion, extension, and lateral flexion. Vehicle
Research Institute Report No. VRI-7-3. Society of
Automotive Emgineers, Warrendale, Pennsylvania,
1976.

Prasad, P., and Mertz, H. ]. The Position of the United
States Delegation to the ISO Working Group 6 on the
Use of HIC in the Automotive Environment, SAE
Paper 851246, SAE Transactions, Volume 94 (1985),
Section 5, Society of Automotive Engineers,
Warrendale, Pennsylvania, 1985.

Tide 14, Codle of Federal Reguiations, Parts 23, 25, 27,
and 29, U. S. Department of Transportation, Federal
Aviation Administration, Washington, D. C.

Viane, D.C,, King, A.1., Melvin, ].W., and Weber, K.
Injury Biomechanics Research: An Essential Element
in the Prevention of Trauma. Journa! of Biomechanics

1989; 22(5): 403-417.

Viano, D.C., Melvin, ] W., McCleary, ].D., Madeira,
R.G,, Shee, T.R., and Horsch, ].D. Measurement of
Head Dynamics and Facial Contact Forces in the
Hybrid IIl Dummy , SAE Technical Paper 861891,
Proceedings of the Thirtieth Stapp Car Crash Conference,
pp. 269-290, Society of Automotive Engineers,
Warrendale, Pennsylvania, 1986.






